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Abstract: We investigate the plasmon resonances of interacting silver
nanowires with a 50 nm diameter. Both non–touching and intersecting
conﬁgurations are investigated. While individual cylinders exhibit a
single plasmon resonance, we observe much more complex spectra of
resonances for interacting structures. The number and magnitude of the
diﬀerent resonances depend on the illumination direction and on the
distance between the particles. For very small separations, we observe
a dramatic ﬁeld enhancement between the particles, where the electric
ﬁeld amplitude reaches a hundredfold of the illumination. A similar
enhancement is observed in the grooves created in slightly intersecting
particles. The topology of these diﬀerent resonances is related to the
induced polarization charges. The implication of these results to surface
enhanced Raman scattering (SERS) are discussed.
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1. Introduction
Over the last twenty years, much interest has been devoted to metallic nano–structures,
and in particular to the strong electromagnetic enhancement they can provide via the
excitations of plasmon resonances. With the rapid advances in the fabrication of very
small particles [1, 2, 3] and nanowires [4, 5, 6], their optical properties are now used
in a wide range of applications, including biosensors [7, 8, 9, 10], near–ﬁeld microscopy
[11, 12, 13] and new optical devices [14, 15, 16, 17]. Since the plasmons are associated
with large electromagnetic ﬁelds near the particle surface, they play a key role in surface
enhanced Raman scattering (SERS) [18]. For speciﬁc conﬁgurations, this enhancement
can be so large that it allows single molecule detection [19, 20, 21].
Recently we demonstrated that nanowires with a non–regular cross–section have
a very complex spectrum of plasmon resonances: while a cylindrical particle exhibits
one resonance and an elliptical particle two, we observed that ﬁve or more distinct
resonances can be excited in a triangular nanoparticle [22]. A dramatic near–ﬁeld en-
hancement, with amplitude several hundred times that of the illumination ﬁeld was
also observed at the vicinity of these non–regular particles [23]. This enhancement was
orders of magnitudes larger than that observed on regular particles. For example, the
ﬁeld amplitude at the vicinity of a 20 nm triangular particle can exceed 400 times the
illumination amplitude, while this enhancement is only 10 for a cylindrical particle with
the same size [24]. Raman enhancement being proportional to the fourth power of the
amplitude enhancement [18], our results indicate Raman enhancement in excess of 1012
for non–regular particles, while a cylindrical particle provides a mere 104 enhancement.
The objective of this paper is to demonstrate that cylindrical particles, although
harmless individually, can also provide strong enhancement when they are coupled to-
gether. Inﬁnite arrays of particles have been studied theoretically [25], while long chains
of nanoparticles in the 200 nm range have been investigated experimentally [15, 16].
We shall concentrate here on a pair of interacting particles and illustrate the diﬀerent
coupling mechanisms that can occur. Some aspects of this coupling in spherical metal
particles have been investigated by others [26, 27, 28, 29].
In Sec. 2 we brieﬂy outline our model. Results are presented in Sec. 3 and we sum-
marize in Sec. 4.
2. Model
The plasmon resonances of particles with dimensions down to 2 (nm) can be investigated
using Maxwell’s theory [30, 31]. Herein, the particles are described by their dispersion
relation, i.e. by their complex permittivity ε(λ) = ε′(λ) + iε′′(λ) as a function of the
wavelength λ. For silver and gold this dispersion relation is quite complex in the optical
range, as the plasma frequency ωp of the conduction electron gas lies in this range.
When the illumination frequency passes nearby ωp, the real part ε′(λ) of the dielectric
function changes its sign, and for speciﬁc negative ε′(λ) values, plasmon resonances can
be excited in the structure. These speciﬁc values strongly dependent on the particle size
and shape [24]. The width of the plasmon resonances, which is related to the scattering
amplitude, depends on the imaginary part ε′′(λ) of the permittivity. This imaginary
part, which accounts for damping, becomes a function of the particle size when its
dimensions are similar to the bulk electron mean free path [31]. In that case, electron
scattering at the particle boundary becomes a dominant eﬀect, and the decrease of the
electron mean free path leads to an increase of ε′′(λ) [32, 33, 31, 34, 35]. However, for
particles in the 50 nm range, which are the focus the present study, the permittivity
is nearly unaﬀected and we shall simply use the bulk experimental data obtained by
Johnson and Christie [36].
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Fig. 1. SCS of two 50 nm diameter cylinders with a 5 nm separation. Two diﬀerent
illumination directions, indicated by the arrows in the inset, are considered. The
SCS of a single cylinder is given for comparison (black).
Our numerical results are based on the ﬁnite elements method described in Ref. [37].
With this technique, we are able to accurately study the plasmon resonances of scatterers
with an arbitrary shape [24]. Since we use a discretization in direct space, we can also
investigate any arrangement of multiple scatterers, as is the case in the present work.
Each cylinder section is discretized with about 1’500 triangular elements. A detailed
convergence study of our numerical scheme is given in Ref. [37].
3. Results
Throughout the entire paper, we consider cylinders illuminated with a plane wave prop-
agating in the plane of the ﬁgure, with the electric ﬁeld in this plane as well (transverse
electric polarization). All cylinders have a 50 nm diameter.
We ﬁrst study two cylinders with a separation distance d = 5nm. In Fig. 1 we show
the scattering cross section (SCS) as a function of the wavelength λ for illumination along
and normal to the major axis, the axis joining the cylinder centers (the illumination
direction refers to the propagation direction of the illumination ﬁeld; the incident electric
ﬁeld is therefore normal to this direction). The SCS of an individual 50 nm cylinder is
also shown: in that case a single resonance is excited at λ = 344 nm. This resonance,
although slightly blue shifted to λ = 340 nm, still exists in the coupled system for
both illumination directions (Fig. 1). Note however that for the coupled system this
resonance has the same magnitude as for the individual cylinder, although two cylinders
are now scattering [especially for illumination from the top, where the incident ﬁeld sees
a broader structure, one would expect a larger SCS (Fig. 1)].
For illumination along the major axis we observe an additional resonance at λ =
372 nm. However, Fig. 1 clearly demonstrates that the coupling eﬀect is much stronger
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Fig. 2. Field amplitude distribution as a function of the illumination wavelength (in-
dicated on the top of each frame) for (a) an individual cylinder (277KB) and (b),
(c) two interacting cylinders with a 5 nm separation (321 and 381KB). The cylin-
ders have 50 nm diameter. For the interacting cylinders two diﬀerent illumination
directions, indicated by the arrow, are considered. Front pictures: Corresponding
main resonances (a) λ = 344 nm, (b)λ = 380 nm and (c) λ = 374 nm
.
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Fig. 3. Polarization charge distribution at the main resonance for (a) a single cylinder
and (b), (c) two interacting cylinders with a separation d = 5nm. Illumination
direction as indicated. The cylinders have a 50 nm diameter. A diﬀerent colorscale
is used for each part: the charge density is much higher for the coupled cylinders
(b) and (c) than for the single cylinder (a).
for incidence normal to the major axis (i.e. when the incident electric ﬁeld is along the
major axis). In that case we observe a rather broad resonance at λ = 380 nm with a
SCS amplitude much larger than that of the individual cylinder (λ = 344 nm).
The movies Figs. 2(a)–(c) show the electromagnetic near–ﬁeld amplitude distribution
corresponding to Fig. 1, as a function of the wavelength. For the single cylinder, the
ﬁeld distribution is very homogeneous, the ﬁeld amplitude reaching about 8 (in units of
the illumination amplitude) at the resonance (λ = 344 nm), and decreasing for larger
wavelengths [Fig. 2(a)].
For the illumination normal to the major axis, the ﬁeld amplitude in the inter-
acting cylinders is homogeneous and rather weak, up to the single cylinder resonance
wavelength [λ = 344 nm, Fig. 2(b)]. For larger wavelengths the coupling becomes quite
strong, leading to a large ﬁeld in the gap between the particles. There the ﬁeld amplitude
reaches almost 40 at the resonance (λ = 380 nm).
A similar enhancement is observed for the other illumination direction, with a ﬁeld
amplitude of 35 between the particles. The ﬁeld distribution in the gap is however very
diﬀerent from the other illumination direction: The ﬁeld now vanishes in the middle of
the gap [Fig. 2(c)]. Retardation is essential for this resonance, as will be discussed later.
In Fig. 3 we show the polarization charge distribution associated with the main
resonances reported in Fig. 2. This polarization charge distribution, which is given by the
divergence of the electric ﬁeld, oscillates in time: half a period later, the opposite charge
distribution is observed [38]. The distributions in Fig. 3 correspond to a speciﬁc moment
in time, when the magnitude of the instantaneous electric ﬁeld vector is maximum in
the gap. The moment when the near–ﬁeld amplitude is maximum does not coincide
with the moment when the illumination ﬁeld is maximum, since – at resonance – there
is a phase shift between the illumination and the particle response [38].
The polarization charge distribution in the single cylinder is symmetrical with respect
to the illumination direction, with plus charges on one side of the particle and minus
charges on the other side [Fig. 3(a)]. At the main resonance for the interacting cylinders
illuminated from the top, polarization charge of opposite signs are conﬁned on the sides
of the gap [Fig. 3(b)]. Each particle remains of course neutral and a same amount of
opposite charges is distributed on the remaining of the particle. Both cylinders are in
phase, i.e. their charges distributions have negative charges on the left of the particle
and positive charges on the right [Fig. 3(b)].
The polarization charge distribution at the main resonance for the other illumination
direction is completely diﬀerent [Fig. 3(c)]. In that case, both cylinders are out of phase,
with respect to the illumination direction: the ﬁrst (left) cylinder has ± charges, whereas
the second (right) has ∓ charges [Fig. 3(c)]. This leads to a quadrupole–like charge
distribution around the gap between the particles, which explains that the ﬁeld vanishes
in the middle of the gap, as observed in Fig. 2(c). This peculiar resonance can only be
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Fig. 4. Amplitude distribution for two interacting 50 nm cylinders for diﬀerent
separation distances d (negative distances correspond to intersecting cylinders)
(283KB). The corresponding main resonance wavelength is shown.
observed in particles large enough so that both cylinders are driven out of phase by
the incident ﬁeld. This coupling mechanism is therefore governed by retardation. It was
investigated in Ref. [13], where we show that for silver cylinders, this coupled mode
occurs only for particle diameters larger than 30 nm.
We now study the inﬂuence of the separation distance d on the plasmon resonant
coupling. We shall focus on the illumination direction normal to the major axis as it
provides the strongest coupling, particularly for small separation distances.
Figure 4 shows the ﬁeld distribution for diﬀerent separation distances d, at the
corresponding main resonance wavelength (i.e. not at a constant wavelength). For a
separation distance equal to the diameter, there is almost no coupling, whereas the ﬁeld
enhancement becomes very large for d ≤ 5 nm. Around d = 2nm the ﬁeld amplitude in
the gap exceeds 200 times that of the illumination ﬁeld.
Negative separation distances in Fig. 4 correspond to intersecting cylinders. In that
case we observe a large amplitude enhancement in the grooves, exceeding 100 times the
illumination amplitude. Similar enhancement has also been obtained by Garc´ıa-Vidal
et al. for an inﬁnite array of cylinders embedded in a surface [25]. When the cylinders
intersect further this enhancement decreases and the ﬁeld distribution ﬁnally merges
into that of the single cylinder (Fig. 4).
Let us emphasize that the over hundredfold enhancement of the illumination am-
plitude observed for small separations or intersections, corresponds to an intensity en-
hancement larger than 104. In SERS, where the Raman signal is in a good approximation
proportional to the fourth power of the amplitude enhancement [18], this would lead to
a local Raman enhancement in excess of 108.
We now study the spectral response for particular separation distances d. In Fig. 5 we
report the SCS for d = 2, 5, 10 and 20 nm. The SCS clearly demonstrate that the main
resonance is red–shifted with decreasing separation distance d, from 350 nm (d=50 nm)
to 358 nm (d=20 nm), 368 nm (d=10 nm), 380 nm (d=5 nm) and 404 nm (d=2 nm).
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Fig. 5. SCS for two 50 nm cylinders illuminated normally to their main axis. Five
separation distances are investigated: d = 2, 5, 10, 20 and 50 nm.
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Fig. 6. Spectral variation of the ﬁeld amplitude distribution for two interacting
cylinders illuminated from the top, for diﬀerent separation distances d: (a) d = 2nm
(361KB), (b) d = 10nm (359KB), and (c) d = 20nm (313KB). Front pictures:
Corresponding main resonances (a) λ = 404 (nm), (b)λ = 368 (nm), and (c) λ =
358 (nm).
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Fig. 7. SCS for two intersecting 50 nm cylinders illuminated from the top. Three
intersection distances are investigated: d = −2,−5 and −20 nm.
Moreover, the complexity of the SCS increases for small separations, as higher order
modes are excited (Fig. 5).
In Fig. 6 we report the spectral behavior of the ﬁeld distributions for d = 2, 10
and 20 nm [the case d = 5 nm is already shown in Fig. 2(b)]. The two higher order
resonances at λ = 350 nm and λ = 362 nm, visible in the SCS for d = 2nm (Fig. 5), are
also visible in Fig. 6(a). Between 350 nm and 370 nm, we observe a rather complicated
ﬁeld distribution in the gap between the cylinders, related to the complex polarization
charge distribution associated with these higher order modes [Fig. 6(a)]. These two
resonances are closer than their width, and therefore strongly interfering, leading to the
rapidly evolving ﬁeld pattern visible at the vicinity of the gap. This pattern can be
related to the charges distribution associated with the involved resonances. We veriﬁed
that it was not correlated to the discretization mesh used for the calculation.
At the main resonance we then obtain a rather homogeneous ﬁeld distribution in
the gap, the amplitude reaching almost 100 times that of the illumination amplitude
[λ = 404 nm, Fig. 6(a)]. For larger separation distances d, the ﬁeld enhancement at the
main resonance is much smaller than for d = 2nm, as already observed in Fig. 4. The
amplitude in the gap reaches now about 18 for d = 10 nm [Fig. 6(b)], and about 12
for d = 20 nm [Fig. 6(c)]. Contrary to the d = 2nm case, no higher modes can now be
resolved for these separation distances.
The SCS for intersecting cylinders (d = −2,−5, and −20 nm) is shown in Fig. 7.
For d = −2 nm we observe a very complex spectrum: Several resonances are excited,
spanning a large wavelength range between 340 nm and 583 nm. When the cylinders
intersect further (d = −5 nm and d = −20 nm), the spectra become less complex,
and the resonances are blue–shifted. The reason for this is rather obvious: For larger
intersection the spectrum will ﬁnally converge to that of a single cylinder.
The “main resonance” reported in Fig. 3 for d < 0 was not the ﬁrst but the second
resonance, from the right in Fig. 7. Indeed, this resonance can be seen as the continuation
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Fig. 8. Polarization charge distribution for two intersecting 50 nm cylinders (d =
−2 nm) for the resonances at (a) λ = 338 nm, (b) λ = 430 nm, (c) λ = 540 nm.
(a) (b) (c)
400
200
100
50
20
10
5
2
1
0.5
0.2
Fig. 9. Field amplitude distribution as a function of the illumination wavelength (in-
dicated on the top of each frame) for two intersecting cylinders illuminated from the
top. Diﬀerent intersection distances are investigated: (a) d = −2 nm (634KB), (b)
d = −5 nm (511KB), and (c) d = −20 nm (386KB). Front pictures: Corresponding
main resonances (a) λ = 430 (nm), (b)λ = 404 (nm), (c) λ = 384 (nm).
of the main resonance for two interacting (but non–touching) cylinders, as illustrated
in Fig. 8. In that ﬁgure we report the polarization charge distribution associated with
three resonances of the d = −2 nm intersecting cylinders. As charges can now ﬂow
over both cylinders, the fundamental mode has minus charges on one cylinder and plus
charges on the other one [λ = 540 nm, Fig. 8(c)]. The next resonance, λ = 430 nm,
Fig. 8(b), has charges of both species on each cylinder, as was the case for non–touching
cylinders [compare with Fig. 3(b)]. It is associated with strongly conﬁned charges of
opposite signs around each grooves. These ﬁrst two resonances provide the strongest
near–ﬁeld enhancement. The next order modes for intersecting particles have a fairly
complex charges distributions, with rapid changes of signs over small distances. The last
charges distribution reported in Fig. 8 corresponds to a resonance very similar to that
of individual cylinders [λ = 338 nm, Fig. 8(a)]. Contrary to the two previous resonances,
where the charges were mainly concentrated around the grooves, a fairly homogeneous
charges distribution on the entire surface of each cylinder is observed at λ = 338 nm
[Fig. 8(a)].
The movies in Fig. 9 show the ﬁeld distributions corresponding to the SCS reported
in Fig. 7. For the small intersection [d = −2 nm, Fig. 9(a)], we recognize higher order
modes between 348 nm and 384 nm. Since the spectral spacing between these modes is
smaller than their width, a complex changing “interference” pattern is observed in the
grooves (we veriﬁed that these patterns were not related to our discretization grid). The
ﬁeld enhancement in the groove exceeds 100 for the two resonances corresponding to
the largest wavelengths (λ = 430 and 538 nm). This enhancement is concentrated on a
very small area.
For d = −5 nm the ﬁeld distribution is similar, but with a smaller ﬁeld amplitude.
For d = −20 nm the ﬁeld amplitude is much smaller, as the grooves angle opens and
charges are less easily conﬁned
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3. Conclusions
We have investigated the inﬂuence of the coupling between two metallic nanowires, on
their spectrum of plasmon resonances. Our results show that this coupling becomes
extremely important for small separation distances, leading to additional resonances in
the overall structure. These resonances produce extremely strong electromagnetic ﬁelds
in the gap between the particles. The topology of these diﬀerent modes was related to
the distribution of polarization charge. A similar enhancement was also observed in the
grooves between intersecting particles.
Although not shown here, we observed similar enhancement factors for nanowires
with dimensions in the 20–80 nm.
The near–ﬁeld enhancement observed, with an electric ﬁeld amplitude excessing
hundred times the illumination amplitude, provides an important mechanism for SERS.
The magnitude of this enhancement is suﬃcient for explaining recent SERS experiments
where single molecule sensitivity was achieved [19, 20, 21]. Remarkably, this enhance-
ment is obtained in interacting particles with a very simple shape and does not require
complex geometries such as fractal system [39].
The rapid variations of the resonances spectrum as a function of the particles con-
ﬁguration that we observed, provides an explanation for the spectral insensitivity of
the Raman signal measured on large ensembles of molecules deposited on a colloidal
substrate. As a matter of fact, such a substrate contains many diﬀerent particles with
diﬀerent sizes and spacing, so that coupled plasmon resonances are likely to be excited
irrespective of the illumination wavelength.
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